Abstract. For many years, techniques improving weak soils by means of additional elements incorporated into their structures have been applying in geotechnical structures (earth structures).
Introduction
The erosion of soil is a naturally occurring process on all land. The agents of soil erosion are water and wind, each contributing a significant amount of soil loss each year. Soil erosion may be a slow process that continues relatively unnoticed, or it may occur at an alarming rate causing a serious loss of topsoil. The course of erosive processes depends on many factors, such as climate, soil characteristics, topography, ground cover, duration of soil exposure and also human activities [1] .
Rainfall, and the surface runoff which may result from rainfall, produces four main types of soil erosion: splash erosion, sheet erosion, rill erosion, and gully erosion. Splash erosion is generally seen as the first and least severe stage in the soil erosion process, which is followed by sheet erosion, then rill erosion and finally gully erosion (the most severe of the four) [2, 3] .
In splash erosion, the impact of a falling raindrop creates a small crater in the soil, ejecting soil particles. The distance of these soil particles travels can be as much as 0.6 m vertically and 1.5 m horizontally on level ground [4] .
If the soil is saturated, or if the rainfall rate is greater than the rate at which water can infiltrate into the soil, surface runoff occurs. If the runoff has sufficient flow energy, it will transport loosened soil particles (sediment) down the slope. Sheet erosion is the transport of loosened soil particles by overland flow [5] .
Therefore, it is necessary to protect the surface of earth structures in order to sufficiently reduce the loss of soil. One of the methods of protection against area erosion is vegetation, whose roots counteract the destruction of surface soil. The grass surface is often a sufficient protection. It can be achieved by means of, e. g. hydroseeding or the use of biodegradable geotextiles or Kemafil meanders. In addition, covering the structure with a layer of soil reinforced with synthetic or natural fibers additionally protects the slope against the impact of extreme atmospheric phenomena [6] [7] [8] [9] .
Author in [10] introduces effective repairs of erosion gullies with Geofibers, where one can see test block using Geofiber reinforced soil mixture sprayed onto the eroded cut slope, infilling the erosion gullies.
Effectiveness of application of polyester staple fibers and polypropylene fibrillated fibers as anti-erosion measures can be seen in [11] , where author shows an erosion test, by which after pouring water along the slopes, the rills of depth about 10 cm were created on the slope without fibres; the rills of depth about 3cm (not measured, only estimated based on the picture) were created on the slope with polyester staple fibers and the rills of depth about 4cm were created on the slope with polypropylene fibrillated fibres.
In this paper an application of fibers on slope in Bielsko-Biala (Poland) will be introduced.
Materials and methods

Materials
Staple polyester fibers obtained from the recycling of bottles (PET) supplied by company Elcen (Gdynia, Poland), waste polypropylene fibers (PP) supplied by company Wigolen (Czestochowa, Poland) and wool fibers supplied by company Amandy (Bielsko-Biala, Poland) were used in the research. Physical parameters of fibers are introduced in the Table 1 . 
Research locations
The area where field trials were conducted is located in Lipnik, on the north-eastern suburbs of Bielsko-Biala (a private investor -Homax-Bis company). As part of the implementation of the investment, construction works were carried out consisting, among other things, in shifting the earth masses and shaping them in the form of three terraces (Fig. 1) . The area has been hardened with a layer of aggregate mixture to protect the native soil from erosion. A drain was installed along the base of the slope, draining excess water flowing down the slope. As a result of the construction works, a terrace system was created, between which formed steep slopes subject to surface erosion (Fig. 2, Fig. 3 ).
Fig. 1.
The experimental site in the suburbs of Bielsko-Biala, investigated slope is behind rocks [12] . 
Research methodology
In order to assess the influence of the fiber type on reinforcement and erosion protection of the slopes, the physical and mechanical properties of fibers used in the experiment were tested in accordance with the applicable standards.
Laboratory tests concerned determination of: The morphology of synthetic fibers (PP, PET) and wool was determined using the scanning electron microscope JSM 5500LV Jeol. Observations were carried out in the mode of the secondary electrons SE.
During the research, soil sample were taken from the slope (Fig. 4) . Particle size distribution of the soils and their basic parameters were determined. Determination of soil particles size distribution was carried out in accordance with the BS 1377: 1990. Part 2 (wet sieving method and sedimentation by the hydrometer method) [13] . Soil parameters: water content (w), liquid limits (w L ) and plastic limits (w P ) were also determined in accordance with mentioned standard. For determination of the liquid limit the Casagrande apparatus method (four-point method) was applied. Based on obtained values, soils classifications were carried out in accordance with the British Standard BS 5930:2015 [14] .
Test results
Results of fibers physical and mechanical properties
Obtained results of physical and mechanical properties of synthetic fibers (PET, PP) and wool fibers are presented in Tab. 2 and Fig. 5 . Analyzing the results of research on mechanical properties of the fibers used, it can be seen that both specific strength (24 cN/dtex) and elongation at break (PET-71 mm, PP-79 mm) of synthetic fibers (PET, PP) are very similar to each other, regardless of diameter of the reference fiber. Recycled polyester and polypropylene fibers have a smooth surface ( Fig. 5a and Fig. 5b ). These fibers are characterized by very low hygroscopicity (hydrophobic fibers), which results in practically zero water retention.
Washed low-quality wool originating from mountain sheep was used to secure the slope. On the surface of the wool fiber, scales are visible and their edges adhere to the surface of the fiber (Fig. 5c) . The wool fibers, despite washing, do not show signs of biological damage. Wool fibers are characterized by high water sorption capacity (hydrophilic fiber) and its storage. 
Results of soil physical and mechanical properties
The properties of particular soils are presented in table. 3. 
Installation of fibers on the slope and monitoring
For mixing the surface layer of the soil with fibers, a road recycler was used and soil prism was spread over the ground. A certain amount of fibers (0.25%, 0.50% and 1%) was placed to the surface of the prism, after which the whole was covered with a thin layer of soil. After forming the prism the soil was mixed twice using the recycler (Fig. 6 ). After mixing the soil with the fibers, the obtained mixture was spread over the slope surface and compacted with an excavator bucket (Fig. 7) . A week after installation, the slope was sown with seeds of grass mixture. As a result of the experiment, 9 experimental plots, each with a width of 2 m and length of about 5.5m were obtained (Fig. 8) . View on protected slope after completing installation works (April 2017) can be seen in Fig. 9 . After the installation, slope state was monitored continuously. Over the following weeks, despite the variable temperature and intense rainfall, erosive damage was not observed on the surface of the slope. After two months after installation, an intensive growth of grass was observed on the surface of the slope (Fig. 10) . The height of grown grass, its density and color were dependent on the type of fibers added to the soil (PP, PET, wool). A particularly intensive growth of slope vegetation was recorded in the areas covered with soil mixed with wool fibers, regardless of the percentage of wool in soil. In this case, the height of the grass was almost twice as high (about 60 cm) as compared to grass grown on areas covered with soils mixed with synthetic fibers (about 30 cm), see Fig. 11 . In addition, on areas where the slope is covered with soil mixed with wool fibers, the grass had an intense dark green color (nitrogen). While monitoring the slope, it was observed that fibers mixed with soil retain grass seeds on the slope and slope surface in plots with fibers was visually less affected by rainfall on 27.04.2017 (29.5 mm) and on 28.04.2017 (24.3 mm). Determination of soil loss from models of soil with various fibers amount is planned in the future. 
Conclusions
The use of randomly distributed synthetic fibers improves stability and erosion protection of the slope. Experimental plots reinforced with randomly distributed polyester and polypropylene fibers in soil, formed a grid structure that absorbs some of energy of flowing water. Grid formed from fibers distributed in soil prevents soil particles from washing out from the slope. Waste wool fibers mixed with soil perform the function of slope antierosion protection and they are excellent nitrogen fertilizer for slope vegetation.
During the rain, the wool fibers absorb excess water and store it, ensuring its return to soil during drought. This brings improvement of conditions for the development of protective vegetation. The use of wool fibers may be an interesting alternative to the currently used biodegradable geotextiles used as a function of anti-erosion protection of slopes.
